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Breeding cassava relies on a phenotypic recurrent selection that takes advantage of
the vegetative propagation of this crop. Successive stages of selection (single row
trial–SRT; preliminary yield trial–PYT; advanced yield trial–AYT; and uniform yield trials
UYT), gradually reduce the number of genotypes as the plot size, number of replications
and locations increase. An important feature of this scheme is that, because of the clonal,
reproduction of cassava, the same identical genotypes are evaluated throughout these
four successive stages of selection. For this study data, from 14 years (more than 30,000
data points) of evaluation in a sub-humid tropical environment was consolidated for
a meta-analysis. Correlation coefficients for fresh root yield (FRY), dry matter content
(DMC), harvest index (HIN), and plant type score (PTS) along the different stages of
selection were estimated. DMC and PTS measured in different trials showed the highest
correlation coefficients, indicating a relatively good repeatability. HIN had an intermediate
repeatability, whereas FRY had the lowest value. The association between HIN and
FRY was lower than expected, suggesting that HIN in early stages was not reliable
as indirect selection for FRY in later stages. There was a consistent decrease in the
average performance of clones grown in PYTs compared with the earlier evaluation of
the same genotypes at SRTs. A feasible explanation for this trend is the impact of the
environment on the physiological and nutritional status of the planting material and/or
epigenetic effects. The usefulness of HIN is questioned. Measuring this variable takes
considerable efforts at harvest time. DMC and FRY showed a weak positive association
in SRT (r = 0.21) but a clearly negative one at UYT (r = −0.42). The change in the
relationship between these variables is the result of selection. In later stages of selection,
the plant is forced to maximize productivity on a dry weight basis either by maximizing
FRY or DMC, but not both. Alternatively, the plant may achieve high dry root yield by
simultaneously attaining “acceptable” (but not maximum) levels of FRY and DMC.
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INTRODUCTION
Formal cassava breeding began in the 1930s in eastern Africa
and in Brazil but these were isolated programs, generally small,
and discontinuous. The creation of the two international centers
that work on cassava breeding IITA (International Institute of
Tropical Agriculture) and CIAT in the late 1960s, coincided
with a rapid expansion of cassava research programs on a
national level in Asia, Latin America, and Africa (Westwood,
1990; Gonçalves Fukuda et al., 2002). Several reviews on cassava
breeding have been published over the years (Hahn et al., 1979;
Byrne, 1984; Jennings and Hershey, 1985; Gonçalves Fukuda
et al., 2002; Jennings and Iglesias, 2002; Ceballos et al., 2004,
2012; Kawano and Cock, 2005). The cassava-breeding project at
CIAT was created targeting low input conditions in less favorable
environments to alleviate the poverty of small farmers through
income generation (Kawano and Cock, 2005). From its initiation,
CIAT worked in close partnership with national programs and its
sister center IITA based in Nigeria.
When cassava plays a food security role, often in marginal
agricultural conditions, many traits need to be taken into
account: timing of harvest, suitability for intercropping and/or
leaf production, taste, bitterness, processing amenability, cooking
quality, and even some traits that may just have a role as
morphological markers, such as petiole or shoot color, leaf lobule
shape or branching characteristics (Benesi et al., 2010). Farmers’
participatory approaches have been developed and are ideally
suited for addressing these requirements (Gonçalvez Fukuda
et al., 2000; Gonçalvez Fukuda and Saad, 2001; Manu-Aduening
et al., 2006). However, good opportunities also emerged for more
commercial, market-oriented production of cassava particularly
in Southeast Asia. CIAT, therefore, took the strategic decision
to establish an applied breeding center in Thailand (Kawano
and Cock, 2005). In these conditions, centralized, on-station
breeding efforts proved to be extremely successful and the results
help to explain the current high productivity of cassava in Asia
(Hershey et al., 2001; Kawano, 2003; Howeler, 2012). Cassava in
Asia developed for the production of starch and dried root chips
(the latter were initially exported in large volumes to Europe
to be used as source of energy in the composition of animal
feed and later for ethanol production in China). Breeding could
concentrate on fewer traits (fresh root production, dry matter
content and optimum harvest index) and production took place
without much pest or disease pressure. It is important for cassava
breeders to have a clear understanding of the target farming
conditions their cultivars need to be bred for, as well as their main
end-uses.
In recent years increasing attention has been paid to reduce
the environmental impact of cassava cultivation and processing
toward more eco-efficient practices (Hershey and Neate, 2013).
Throughout the years there has been a gradual shift of emphasis
from the early target on subsistence farming conditions into
commercial cultivation and higher-inputs for cassava. In the
process breeders became aware that it is difficult, if not
impossible, to develop cultivars that could be outstanding
simultaneously for fresh consumption (e.g., food security) and
the different processing industries (e.g., starch). Therefore, the
idea of breeding for multi-purpose varieties gradually gave rise
to the need to breed for specific end uses.
Cassava is bred through phenotypic recurrent selection, as
it is frequently the case for other clonally propagated crops
(Burton, 1992; Grüneberg et al., 2009; Lebot, 2010; Quero-
García et al., 2010). Because of the low multiplication rate of
cassava, it takes several years to have enough planting material
available for replicated multi-location evaluations (Kawano et al.,
1998; Jennings and Iglesias, 2002). A typical selection cycle
requires 2 years to produce the botanical seeds of planned crosses
and six consecutive years of field evaluation. Early phenotypic
evaluations are based in non-replicated trials grown in a single
location. Critical decisions are taken through this lengthy process
and cassava breeders try to conciliate the need to reduce the large
number of genotypes in the early stages of selection with the
awareness that selection, based in trials without replications is
prone to large experimental errors.
Before the year 2000, selection at early stages was done visually
and the only information available was if a genotype was or not
selected. No phenotypic information was available. This was an
efficient way to process large segregating populations. Important
advances were made improving plant type architecture
and defining the breeding populations for different target
environments. A decision was made in 2000 to change the
strategy and start registering data of all genotypes evaluated,
regardless they were selected or not. For about 15 years,
therefore, CIAT has conducted the same phenotypic recurrent
selection process. A large amount of information has been
generated and can be used to relate the information generated by
the germplasm reaching the multi-location stage of evaluation
with all the previous stages of selection. An article has already
been published using the same data (Ceballos et al., 2016).
This knowledge is crucial for determining which variables are
more efficiently selected for at different stages of selection.
The objectives of this study were: (i) to consolidate phenotypic
data from 14 years of trials; (ii) analyze the relationship for
each variable along the lengthy selection process; (iii) quantify
associations between different variables at each stage of selection
and (iv) use the information generated to suggest changes in
the phenotypic recurrent selection approaches currently used in
cassava breeding at CIAT.
MATERIALS AND METHODS
Data from evaluation trials conducted since 2000 through 2013
was recovered. This study concentrates only on data from the
sub-humid environment, the most important cassava growing
region in Colombia and worldwide.
Breeding Objectives and Selection Criteria
A wide range of breeding objectives is needed given the diversity
of uses and environments for cassava production. However, few
are widely accepted by every breeding program as key traits
that must be taken into consideration: high fresh root yield
(FRY); high and stable dry matter content (DMC); adequate
plant architecture and resistance to pest and diseases which at
CIAT is integrated in a plant type score (PTS, ranging from 1
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= clearly better than the average to 5 = clearly worse than the
average). Selection for high FRY has limitations because of its low
heritability (particularly in early stages of selection with small,
non-replicated plots). As an alternative, indirect selection for
harvest index (HIN) was used for many years. This strategy took
advantage of the higher heritability for HIN and the acceptable
correlations with FRY (Kawano et al., 1998; Kawano, 2003).
A selection index (SIN) is generally used integrating these
four relevant variables, assigning them an arbitrary weight (Wn)
established by the breeder (Ceballos et al., 2012):
SIN = (FRY ∗W1)+ (DMC ∗W2)− (PTS ∗W3)+ (HIN ∗W4)
In the case of PTS desirable target is a lower score. Therefore,
a negative sign is assigned to the respective term in the SIN
equation. Typical weights used over the years have been W1 and
W2 = 10; W3 = 5; and W4 = 3.
Evaluation Scheme and Selection Process
Botanical seeds, obtained from crossing outstanding
(heterozygous) progenitors, are germinated and seedlings
grown in a greenhouse until they are transplanted to the field 2
months after germination. Over the years, botanical seeds from
at least 297 progenitors were germinated and evaluated in the
field. The seedling plants (F1s) were grown for 10–11 months
and then plants were selected and harvested. The only selection
criterion was the capacity of the plant to produce eight vegetative
cuttings for the following stage of selection. Doing this selection,
by default, eliminated plants susceptible to thrips. F1 populations
were grown in Palmira (location of CIAT headquarters) which
offers ideal growing conditions and availability of irrigation.
Planting material from the selected seedling plants were then
shipped to the sub-humid environment, which is the most
important cassava growing environment in Colombia and
elsewhere. The phenotypic recurrent selection continued in the
target environments as described below.
Clonal Evaluation Trials or Single Row Trials (SRTs)
This is the first selection for agronomic performance and takes
place in each target environment. These are large trials (≈1–2
ha) grown in a single location. Each genotype is represented by
eight plants grown in a single row. Stratified selection is used
to reduce the error due to environmental variation (Gardner,
1961; Ceballos et al., 2004, 2012). Selection is therefore exerted
within each stratum. About 1000–2500 genotypes are evaluated
at this stage and about 15% are selected for the next stage of
selection. More than 20,000 genotypes were evaluated in SRT and
reported in this study (9108 from full-sib families and 11,221
from half-sib families). A total of 1038 full- or half-sib families
were involved. An important feature of this type of trial is that
planting material originated in the nearly ideal environment of
Palmira.
Preliminary Yield Trials (PYT)
They are also planted in a single location. Each genotype
is represented in three repetitions. Plots in each repetition
have two rows with five plants per row. Three or four PYTs
(with 50–100 genotypes each) are planted, thus reducing the
size of trials. Planting of these trials is done in a special
way to avoid competition among genotypes with contrasting
plant architecture. Row spacing is reduced to 0.8m (from the
standard 1 m). Each genotype is planted in two neighboring
rows with five plants each (for the 10-plant plot mentioned
above). An empty row is left between plots with different
genotypes. Plant-to-plant distance within the row is reduced to
0.8 m. This approach allows growing the evaluations with a
plant density close to the standard 10,000 plants ha−1, while
reducing competition among different genotypes and favoring
competition among plants from the same genotype. Over the 14
years of evaluation described in this study, 2866 genotypes were
evaluated in PYTs. An important feature of this type of trial is
that planting material originates, for the first time, in the target
sub-humid environment. This is also the case for the subsequent
trials.
Advanced Yield Trials (AYT)
Plots at this stage of selection are larger than those from previous
stages with four (or five) rows and five plants per row. Three
replications are used in a single location. The six (or nine) central
plants are harvested to generate the data used in the selection
process. The surrounding 14 (or 16) plants in the periphery of
the plot are used as source of planting material when required as
they can be left standing in the field. Since only the central plants
of the plot are harvested there is no need for a special planting
arrangement to reduce competition between different genotypes.
Plant density for these trials, therefore, is the normal one (10,000
plants ha−1), with 1m between rows and 1m spacing between
plants within a row. The selected clones from the different
experiments at the PYT stage are merged to produce a single AYT
with 50 to 80 genotypes. A total of 615 genotypes were evaluated
in AYT and reported in this study.
Uniform Yield Trials (UYT)
This is the final stage in the evaluation and selection process.
Plot size, number of repetitions and planting arrangement
is the same as those for AYTs. UYTs are planted for two
consecutive years in 3–6 locations. Typically, UYTs will have
10–20 experimental clones and 5–8 local or commercial checks.
Depending on the performance of the experimental clones
compared with those of the checks there may be an official release
when experimental clones show an outstanding performance. An
interesting step taken at this stage is that planting material of
the most promising clones is shared with key farmers for semi-
commercial evaluation. In general, cultivars are released only
after successful performance (according to the farmers’ criteria)
in these semi-commercial evaluations (0.5–1 ha). Farmers and
end-users are often invited to participate during the harvest of
AYTs andUYTs and their opinion is informally incorporated into
the selection process. Planting material of most of the genotypes
reaching the UYT are brought back to Palmira and incorporated
to the crossing nurseries to start a new recurrent cycle. Only
114 genotypes were evaluated in UYT during the time period
reported in this study.
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Data Analysis
Data from trials grown in different years were consolidated into
a large Excel file (Microsoft, 2015)1 with more than 30,000 data
points. Data was not always available for all variables considered.
Depending on the trait, data from 19,498 to 20,379 genotypes
evaluated in SRT is available (Table 1). As stated above, the
number of genotypes was gradually reduced with the successive
replicated trials. Averages for each of the 2866, 615, and 114
genotypes evaluated, respectively, in PYT, AYT, and UYT were
estimated. In some cases, however, few data points were missing
or were eliminated during the data curation process, which
explains slight variation in degrees of freedom for different
comparisons.
Evolution of Performance across the Different Stages
of the Selection Process
The available data offers a unique opportunity to assess
how the average performance of genotypes evolves from the
unselected SRT through the successive PYT, AYT, and UYT steps.
Average performance along with other statistical parameters were
estimated for each stage and across the different years.
Repeatability for Each Variable along the Different
Stages of the Selection Process
One of the questions that this study aims answering is the
reliability of early measurement for different traits (PTS, HIN,
DMC, and FRY). For each variable, correlation coefficients
were estimated to assess the relationships for data taken at
different types of trial for each genotype. Linear correlations were
estimated using the following formula:
r =
∑n
i=1 (xi − X)
(
yi − Y
)
√∑n
i=1(xi − X)2
√∑n
i=1
(
yi − Y
)2 =
∑
xiyi√
(
∑
xi2)(
∑
yi2)
(1)
where xi is the observation for a given trait and genotype in
one kind of trial (and X is the average across genotypes for that
trial), and yi is the observation for the same trait and genotype
but in a different type of trial (and Y is the respective average).
Correlations and their significance were estimated using SAS
(2008). In addition, Spearman’s rank correlation analysis was
performed. This is the correlation coefficient between the ranked
values (Snedecor and Cochram, 1980).
The correlations between SRT, PYT, or AYT and the multi-
location UYTs were based on phenotypic data from different
number of genotypes. In these comparisons, when trials involved
more than one replication/location, correlations were made on
the average of the genotype across replications. Similarly, in the
case of UYT the data used were the averages across locations and
years.
The Value of HIN as Indirect Selection for FRY
Another question that this study aims answering is the potential
of HIN (measured early in the selection process) as indirect
selection for FRY (in later stages of selection). Pearson’s
correlation analyses between HIN (in SRT, PYT, and AYT) and
FRY (at UYT) were estimated using SAS (2008).
1Microsoft Corporation (2015). http://www.microsoft.com
Possibility of Simultaneous Progress for More than
One Trait through SIN
Successful varieties require the combination of more than
one trait to satisfy farmers’ expectations. In many cases
two desirable traits may be negatively associated. The
association among different traits with FRY within each
type of trial was therefore estimated also using linear
correlation coefficients. It was also particularly interesting
to determine if DMC shows any type of association with FRY.
Correlations and their significance were estimated using SAS
(2008).
RESULTS
The same data presented here was used for a “sister” article
attempting to identify factors in SRT that could predict
probabilities of genotypes reaching the UYT stage (Ceballos et al.,
2016). All available data has been used here for each analysis
to maximize the degrees of freedom and avoid any undesirable
bias in the analysis. Degrees of freedom in this study may be,
therefore, slightly different from that previous study based on the
same dataset.
Evolution of Performance across the
Different Stages of the Selection Process
Table 1 provides a summary with the averages for each variable
across the different types of trial. Data from at least 20,379
genotypes evaluated at SRT during the past 14 years is available.
A unique feature of this dataset is that information of each
genotype is available regardless they were selected or not. For
many plots data could not be obtained because of missing plants
or, in the case of FRY negligible yield (population size for
unselected SRT = 19,498) or mistakes during data uploading.
The average of selected materials at SRT is also provided in
Table 1 and, as expected, resulted in better averages, particularly
for FRY (27.69 vs. 17.85 t ha−1). The sample size in PYT
was always 2866, whereas the sample size for the selected
materials at SRT is slightly smaller. In many cases genotypes
were selected even though data for a particular trait was not
available. A remarkable trend that can be observed in Table 1
is the poorer performance at PYTs, compared with the averages
of the selected materials at SRT. It shows lower FRY (19.44
vs. 27.69 t ha−1) and DMC (30.78 vs. 32.10%). PTS was also
worse (2.89 vs. 2.46) in PYT compared with data from the
same genotypes at SRT. A lower PTS score is desirable. HIN
showed a similar trend (0.51 vs. 0.55). For every variable
averages were worse in PYT than in any other subsequent
trial.
Repeatability for Each Variable along the
Different Stages of the Selection Process
Table 2 presents the linear correlation coefficients for each
variable. These correlations relate the phenotypic data for
the same trait and the same genotype evaluated in different
stages of the selection process. Spearman’s rank correlation
analysis was also performed. However, results are not presented
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TABLE 1 | Averages for different variables estimated at the successive stages of phenotypic evaluation of cassava adapted to the sub-humid
environment.
Parameter Plant type score (1–5) Harvest index (0–1) Dry matter content (%) Fresh root yield (t ha−1)
SINGLE ROW TRIAL (SRT) BEFORE SELECTION
Average 3.07 0.47 30.29 17.85
Standard Deviation 0.99 0.12 4.97 9.17
CV (%) 32.24 25.44 16.40 51.36
n 20379 19552 20324 19498
SINGLE ROW TRIAL (SRT) AFTER SELECTION
Average 2.46 0.55 32.10 27.69
Standard Deviation 0.89 0.08 4.49 9.85
CV (%) 35.93 15.30 13.99 35.57
n 2817 2740 2865 2690
PRELIMINARY YIELD TRIAL (PYT)
Average 2.89 0.51 30.78 19.44
Standard Deviation 0.79 0.11 3.85 8.43
CV (%) 27.39 21.18 12.49 43.37
n 2866 2866 2866 2866
ADVANCED YIELD TRIAL (AYT)
Average 2.73 0.57 33.67 23.80
Standard Deviation 0.57 0.07 2.51 6.27
CV (%) 21.03 11.92 7.46 26.35
n 603 615 615 615
UNIFORM YIELD TRIAL (UYT)
Average 2.70 0.58 33.57 24.00
Standard Deviation 0.47 0.06 1.77 3.44
CV (%) 17.30 10.21 5.28 14.33
n 114 114 114 114
as the two types of correlations provided basically the same
information. For each variable presented in Table 2, different
data sets were used to estimate the correlations. In the top
three rows for each variable, correlations between SRT with
PYT, AYT, or UYT are presented. Below these rows the
correlations between PYT with AYT or UYT are provided.
Finally, the last row presents correlations between AYT and
UYT. Sample sizes for each type of comparison are also
provided.
The highest correlations were observed for the comparison
between AYT and UYT for every variable, except DMC (Table 2).
Correlations involving comparisons with SRT tended to be the
lowest. Because of the large sample sizes most coefficients are
statistically significant, even though some of them have indeed
small magnitude. For example, the coefficient for FRY measured
in SRT and PYT (n = 2690) was only 0.12, yet highly significant
(P < 0.01). The only non-significant correlations were for HIN
(between SRT and UYT) and FRY (between PYT and AYT).
An interesting pattern can be observed in correlations involving
SRT (first three rows in Table 2). For FRY, PTS, and DMC
there is not a clear tendency for the coefficients as SRT are
contrasted successively with PYT, AYT, and UYT. In the case of
HIN, on the other hand, the correlation coefficients decreased
consistently 0.42; 0.36 and 0.17 for SRT vs. PYT; AYT and UYT,
respectively.
TABLE 2 | Linear correlations coefficients for each variable evaluated in
different stages of the selection process (within parenthesis number of
observations used to estimate the correlation).
Type of
comparison
Plant type
score 1–5
Harvest index
0.0–1.0
Dry matter
content %
Fresh root
yield t ha−1
SRT vs. PYT 0.32** 0.42** 041** 0.12**
(2817) (2740) (2865) (2690)
SRT vs. AYT 0.29** 0.36** 0.37** 0.32**
(590) (591) (614) (579)
SRT vs. UYT 0.35** 0.17NS 0.37** 0.29**
(114) (114) (114) (114)
PYT vs. AYT 0.45** 0.37** 0.43** −0.02NS
(603) (615) (615) (615)
PYT vs. UYT 0.34** 0.32** 0.70** 0.29**
(114) (114) (114) (114)
AYT vs. UYT 0.72** 0.46** 0.53** 0.63**
(114) (114) (114) (114)
**Significant at the 1%; NSNon-significant.
The Value of HIN as Indirect Selection for
FRY
Table 3 presents the correlation coefficients between HIN and
FRY in different type of trials. It is particularly relevant and
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TABLE 3 | Usefulness of HIN as indirect selection in early stages of
evaluation for increased FRY in later stages of selection.
Type of comparison (sample size) Harvest index (0.0–1.0)
HIN in SRT vs. FRY in PYT (2740) 0.12**
HIN in SRT vs. FRY in AYT (591) 0.11*
HIN in SRT vs. FRY in UYT (114) 0.14NS
HIN in PYT vs. FRY in AYT (615) 0.27**
HIN in PYT vs. FRY in UYT (114) 0.20*
HIN in AYT vs. FRY in UYT (114) −0.11NS
Pearson’s correlation coefficients of HIN with FRY assessed in the successive evaluation
stages for cassava breeding at CIAT. *,**Significant at the 5 and 1% level, respectively.
NSNon-significant.
disappointing the low and non-significant value (r = 0.14)
between HIN in SRT and FRY in UYT. In fact, this value was
lower than that of FRY at SRT vs. UYT (r = 0.29) presented in
Table 2. The justification of using HIN in SRT was based on the
evidence that it was a better predictor for FRY in UYT than FRY
itself (Kawano et al., 1998; Kawano, 2003). Data presented in this
study would somewhat contradict these earlier findings.
Possibility of Simultaneous Progress for
More than One Trait through SIN
The justification for using a selection index takes into
consideration that farmers require varieties that simultaneously
satisfy few key traits. Only then varieties would be adopted.
The traits to be taken into account will vary depending on the
end-use(s) of the varieties as well. It is well-recognized, however,
that in some cases desirable traits may be negatively correlated.
Data presented in Table 4 aims at understanding the relationship
between different variables with FRY within the same trials
(phenotypic correlations).
There was an interesting trend regarding the association
between DMC and FRY (Table 4). In SRT, the coefficient was
positive (r= 0.21) but gradually and consistently this relationship
became increasingly negative in the successive stages of selection.
In UYT the correlation was clearly negative (r = −0.42).
Another trend that can be observed in Table 4 is the negative
association between PTS and FRY. This is to be expected as
the scores for PTS range from 1 (excellent phenotype) through
5 (very undesirable plant type). The magnitude of the negative
correlation coefficients consistently shrinks in successive stages
of selection (from−0.30 in SRT down to a non-significant−0.04
in UYT). This must also be the result of selection. Correlations
between HIN and FRY in different types of trial can also be found
in Table 4. In a way it is expected that these variables should
have an association since FRY is the numerator in the equation
to estimate HIN. There is a clear contrast, however, for the
association between these variables in SRT (r = 0.47) compared
with that at PYT (r = 0.02). The correlation coefficients then
improve in AYT (r = 0.12) and UYT (R = 0.24). There is an
unexpected result for the correlations in PYT which may be
related to the poor performance at PYTs described in Table 1.
TABLE 4 | Pearson’s correlation coefficients of different variables with
FRY assessed in the same trial (within parenthesis number of
observations used to estimate the correlation).
Trial type DMC PTS HIN
SRTa 0.21**
(19455)
−0.30**
(19498)
0.47**
(19498)
PYTb −0.13**
(2866)
−0.23**
(2866)
0.02NS
(2866)
AYTb −0.14**
(615)
−0.09*
(603)
0.12**
(615)
UYTb −0.42**
(114)
−0.04NS
(114)
0.24*
(114)
aCorrelations on a plot basis.
bCorrelations based on averages of genotypes across reps (and locations/years in UYT).
*,**Significant at the 5 and 1% level, respectively. NSNon-significant.
DISCUSSION
The phenotypic recurrent selection in cassava has the advantage
that the same cloned genotypes can be evaluated and selected
many times in different locations and growing seasons. The
gradual selection, through four different stages (SRT, PRY, AYT,
and UYT) allows the selection of genotypes that have shown
outstanding performance consistently. However, the process does
not guarantee that really the best germplasm is selected at each
stage. This study quantified the reliability of selections for the
different traits in the successive evaluation stages. There are
several confounding effects that are expected to weaken the
correlation coefficients.
Because of the length of each recurrent selection cycle and the
limitations of planting materials in early stages, it is important to
maximize the possibilities of selecting the best genotypes early in
the process. An analysis of the relationship of different variables
measured successively in the four stages of the selection process
is therefore, relevant. The present study covers 14 years of data
and therefore conclusions are considerably more robust than
previous reports (Kawano et al., 1987, 1998; Morante et al.,
2005). Early stages of selection are based on a single location
in Santo Tomás (Atlántico Department, Colombia), whereas
uniform yield trials are planted in several locations scattered
in several Departments in Colombia (Atlántico, Bolivar, Sucre,
Magdalena, Córdoba, and Cesar) and usually for more than one
season.
The environmental variation from year to year is an important
component of the genotype-by-environment interaction. Year to
year variation is particularly detrimental for DMC because the
arrival of the rains is not constant and is becoming increasingly
unpredictable (as a result of climate change). In some cases
rains arrived earlier than usual and in these cases harvest
took place after the plants in the field had begun sprouting.
When this happens, DMC is drastically reduced (Ceballos et al.,
2011). However, this reduction is not uniform across genotypes
therefore resulting in genotype-by-environment interaction.
Year to year variation will also affect PTS as temperature and
rainfall will affect not only plant architecture but also the impact
of pest and diseases. In addition there is a geographic variation
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as trails may be grown in one farm 1 year and in a different farm
the following year. UYT, in particular, are grown in a much wider
geographic region.
In addition to all the effects mentioned above, the
experimental errors for each trial must also be considered.
These errors tend to be very large in SRT because of the size
of the experiments (1–2 ha) and the natural variation of on-
farm evaluations for many of the typical target environments
for cassava (Figure 1). Missing plants also contribute to the
experimental error. However, a correction for missing plants is
now being implemented (Pérez et al., 2010), but could not be
applied in a large proportion of the data presented herein.
Evolution of Performance across the
Different Stages of the Selection Process.
The “Stabilization of the Genotype” and the
Relevance of Quality of Planting Material
The poorer than expected performance in PYTs was surprising
(Table 1). This is, indeed, a remarkable and robust trend that
needs a feasible explanation. Quality of planting material is
always an important issue in breeding root and tuber crops. SRTs
are planted with stem cuttings coming from Palmira which is
a relatively neutral environment for biotic stresses and there is
no abiotic constraint affecting their physiological and nutritional
status. Seedling plants are not used as source of information
and can be harvested just when needed (e.g., after the planting
season had clearly began after the arrival of the rains in the target
environment). The storage period of planting material used for
SRT is thus typically short. However, during the transition from
SRT to PYT the germplasm under evaluation starts to suffer from
the environmental constraints (water stress) and biotic problems
(mites, stem borers, frog skin disease, and to a lesser extent,
bacterial blight and super-elongation disease). At harvest time,
therefore, the physiological, and nutritional status of the stems
harvested in SRT is not uniform but differences will only become
apparent the following season (in PYT). On top of this, planting
material may need to be stored for few to several weeks until
the arrival of the rains. So, a feasible explanation for the poor
performance at PYTs is that this is the first trial whose planting
material has been produced in the sub-humid conditions. In
latter trials averages improve consistently as selected material
are those that survive the ordeal related to planting material
produced in situ. Unusual results for PYT were also noticed for
FRY correlations shown in Table 2 and the correlation between
HIN vs. FRY in Table 4.
It has always been postulated (but not formally demonstrated)
that, as a new genotype is cloned and grown year after year, its
performance “evolves” reaching an equilibrium with endophytic
organisms present in the target environments. Also, as the
germplasm faces new conditions in the sub-humid environment,
genetic differences in the adaptation of the germplasm to these
conditions will translate into differences in the nutritional,
sanitary and physiological quality of the planting material. In
some cases this “evolution” is very negative and quickly the
genotypes lose their capacity to produce well. The impact of
this effect would be most apparent in the transition from SRT
to PYT. It is common (and frustrating) to see materials with
very poor performance at PYTs. Breeders wonder how could
these genotypes have been selected at SRT and this is, obviously,
an important question to answer. A feasible explanation
would be the gradual equilibrium reached by different cassava
genotypes with the surrounding biotic environment. The so
called “extended genotype” was described as an interactive cross-
organismal genome with potential, exploitable implications by
Hale et al. (2014). Another feasible explanation for this situation
would be epigenetic effects. It has been already demonstrated
that epigenetic effects react specifically to water stress in
perennial species affecting, among different traits, bud dormancy
(Bräutigam et al., 2013).
The quality of planting material will become even more
relevant for cassava in the coming years. One of the most
immediate impacts of climate change is the increased uncertainty
regarding the time the rainy season begins (Ceballos et al., 2011).
Because of this, the storage period of the stems may have to be
extended longer than normal with detrimental effect on their
sprouting capacity. Higher emphasis, therefore, will be placed to
guarantee a uniform and vigorous sprouting of each cutting. SIN
will include a term taking this into account.
Repeatability for Each Variable along the
Different Stages of the Selection Process
Correlations for HIN were generally disappointing (Table 2).
Correlations involving HIN comparing data from SRT and PYT
was relatively high (r = 0.42). However, it became gradually
weaker in SRT vs. AYT (r = 0.36) and SRT vs. UYT (r = 0.17).
Correlations for HIN at PYT vs. AYT or UYT were more or less
stable (r = 0.37 and 0.32, respectively). The correlation for HIN
between AYT and UYT was only 0.46 (the lowest among the
four variables analyzed). These results contrast sharply with those
reported by Kawano et al. (1998).
Correlations for DMC were generally high (Table 2) in
agreement with Kawano et al. (1987) who reported high
heritability values for this trait. Those involving SRT data
ranged from 0.37 (SRT/UYT and SRT/AYT) to 0.41 (SRT/PYT).
Correlations involving PYT data increased considerably: 0.43 and
0.70, respectively, for PYT/AYT and PYT/UYT. The AYT/UYT
correlation (0.53), however, was lower than expected. DMC is
usually at its highest value at the end of the dry season. With
the arrival of the rains, starch and other nutritional compounds
stored in the roots are metabolized to sustain the re-initiation
of growth (Kawano et al., 1987). An earlier than normal rainfall
will result in a drastic reduction in DMC within a couple of
weeks. Typically, average DMC in large segregating trials may be
around 32–34%, but if the same trial is harvested 2 weeks after
the arrival of the rains the average may go down to 26–28%. Some
genotypes, however, show a larger reduction in DMC than others
(CIAT, 2001), therefore generating undesirable variation, which
ultimately reduces the repeatability of performance. There is a
sequence in the harvest of trials which is followed every year.
The first harvested trial is the SRT, then PYT and finally AYT
and UYTs. The late harvests of AYT and UYTs imply that they
have a higher probability to take place after the arrival of the rains
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FIGURE 1 | Illustration of a typical single row trial. The plant in the front of the row is kept standing until the collection of the planting material of selected
genotypes. These trials, in particular, are large (covering 1–2 hectares) which, together with the lack of uniformity of farmers’ fields, make the selection at this stage
prone to large experimental errors.
with the known result of an increased variability of the results
for DMC. Changes in the arrival of the rains (Ceballos et al.,
2011) due to climate change may explain the unexpectedly low
correlation coefficient for DMC between AYT and UYT.
The correlations for FRY presented in Table 2 illustrate the
problems that cassava breeders face. SRT/PYT correlation was
negligible (0.12), although it increased for SRT/AYT (r = 0.32)
and SRT/UYT (r = 0.29). Correlations of PYT data with AYT
was negligible (−0.02) but improved for PYT/UYT (r= 0.29). As
expected, however, correlation for FRY between AYT and UYT
was relatively high (r = 0.63). This is the reason why cassava
breeders have always stated that at early stages, selection should
focus on traits with higher heritability (e.g., HIN) rather than on
FRY (Kawano et al., 1998; Kawano, 2003). The lowest correlations
were observed between SRT vs. PYT (0.12) and PYT vs. AYT
(−0.02). In both cases data from PYT were involved. Once again
there is an unusual result from PYTs.
In general, correlations involving early stages of selection were
lower than expected. Feasible explanations need to be explored.
The ever confounding effects of genotype-by-environment
interaction and errors related to lack of uniformity in large trials,
such as SRT (1–2 ha)must be taken into consideration (Figure 1).
To overcome some of these problems CIAT stratifies SRTs into
smaller plots (Gardner, 1961; Ceballos et al., 2004, 2007, 2010,
2012) therefore reducing the environmental component in the
overall phenotypic variance. However, there is one factor in the
evaluation scheme that may play a large role explaining the
lower than expected correlation coefficients: quality of planting
material. This factor has already been described above.
A critical selection takes place at SRTs because the large
number of genotypes involved in this type of trial is drastically
reduced (only 15% of the clones are selected and ultimately about
12% is planted in PYTs). The correlations at SRT with other types
of trial (particularly UYT) is, therefore, particularly relevant. It
is in the SRT where mistakes in the selection process are most
likely to occur. SRT vs. UYT correlations for DMC and PTS were
the highest (r = 0.37 and 0.35, respectively). It was surprising,
however, to find a higher SRT vs. UYT correlation coefficient for
FRY (0.29) than for HIN (0.17). It has been long accepted that
selecting in SRT for HIN (rather than for FRY) was more effective
for yield improvement (Kawano et al., 1998; Kawano, 2003).
The Value of HIN as Indirect Selection for
FRY
Correlations involving HIN were disappointing particularly
when comparisons with UYT data are considered. Repeatability
of HIN compared with FRY (Table 2) was marginally better.
Moreover, using HIN as an indirect selection criterion (in SRT)
for FRY (in UYT) was no better than using FRY itself (Tables 2,
3). The contrast between data presented in this study and
earlier data (Kawano et al., 1998; Kawano, 2003) regarding the
usefulness of HIN is perplexing. One feasible explanation for
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these contrasting results was already mentioned above: the need
for a “stabilization” of the germplasm. In our breeding scheme
the origin of the planting material for SRT is different than
that for the subsequent trials (PYT, AYT, and UYT) and this
may explain some inconsistencies, particularly involving SRT and
PYT. Disease and pest pressures in Colombia are higher than
those in Thailand (at least for the period reported in Kawano
et al. articles). It is tempting to suggest that perhaps cassava has
evolved in the past four decades and HIN has been improved to
the point that the trait has been “fixed” enough and no longer
has the impact that it used to have. However, the average HIN in
the unselected SRT was 0.47 ± 0.12 (ranging from basically 0.0–
0.89) suggesting that there is still ample genetic variation in the
breeding population adapted to the sub-humid environment.
Kawano (2003) presented data suggesting that HIN did not
change drastically through 20 years of breeding. It was biomass,
in fact, what was improved over the years, at least based on
released varieties. However, the relative importance of HIN
within a given population, according to Kawano, was invariably
more important. In our study we pool together 1038 different
families. Perhaps for certain families HIN would still be a
good predictor for FRY (probably families which show large
variation for HIN), but not for other. In Kawano’s article the
author suggests that “when a breeding accomplishes a certain level
and faces a new challenge, a new operational principle may be
necessary,” Breeding populations at CIAT may have reached that
stage where new principles are necessary.
Harvest index (HIN) will remain an important criterion for
the selection at the seedling plant stage, along with the capacity to
produce 6–8 stem cuttings. However, taking into consideration
that measuring HIN requires about half of the efforts in labor
during the harvest of SRTs, these results prompted CIAT to
take the decision not to measure HIN in future trials. The
aboveground biomass will be assessed through PTS, which is
considerably less expensive to obtain. Special care will be taken in
the future not to reward plant types with excessive aboveground
vigor.
Possibility of Simultaneous Progress for
More than One Trait through SIN
Information presented in Table 4 suggests a very dynamic
response of segregating material in response to the selection
based on SIN. This, in turn is evidence of the efficiency
of selection and the “plasticity” of cassava populations. The
relationship among different variables gradually shifts from
one type of trial to another. For example, as selection takes
place a weak positive phenotypic correlation between DMC and
FRY (0.21) becomes strongly negative (r = −0.42). Kawano
reported in 1987 positive correlations between DMC and FRY
(average of 0.26) similar to the ones observed for SRT in the
present study. This trend is not evidence of a physiological
association between these variables nor of pleiotropic effects of
one variable on the other. It is rather evidence that cassava
genotypes attaining maximum dry matter productivity, do so
by maximizing DMC or FRY, or reaching acceptable levels
simultaneously for both variables. Changes in the relationships
between different variables highlight that correlations are not
proof of a causation effect, but can help understand how selection
modulates the values of the correlations analyzed. The nature of
the association between DMC and FRY cannot be properly stated
without a clarification in which stage of the selection process this
association is being considered. Similar conclusions can be drawn
from Kawano et al. (1998). In unselected populations, it can be
stated, that DMC and FRY are rather independent. However, in
later stages of the selection process both variables show a clearly
negative relationship for the reasons explained in this study.
Jennings and Hershey (1985) already stated many years
ago that it may prove difficult to maintain high DMC while
continuing to increase FRY. That statement is validated by
data presented in Table 4. The increasingly negative relationship
between these two variables in successive stages of evaluation is
probably the result of the selection process. Materials are selected
based on a selection index which ultimately rewards those with
high dry matter yield (the combination of FRY and DMC). It
is within a limited range of high dry matter yield (e.g., clones
reaching the UYTs) where genotypes have to choose between
strategies based on high FRY, high DMC, or else simultaneously
“acceptable” (but not maximum) levels for both variables. In
other words, it is difficult for a genotype to show simultaneously
maximum FRY and DMC levels as this would imply an energy
demand (e.g., starch) that the plant cannot satisfy.
Plant type score (PTS) includes plant architecture and reaction
to biotic and abiotic stresses. Erect plant architecture is favored
as facilitates the harvest, transport and storage of stems that
will become the planting material for the following season. Erect
types also facilitate cultural practices, such as fertilization (which
typically is done twice: 30 and 90 days after planting) and weed
control (usually by hand). Late flowering leads to a high height
of the first branching and, therefore, it is closely linked with
erect plant architecture (Ceballos et al., 2012). PTS is regarded
as a moderately high heritability trait. In addition to architecture,
plant type score also includes an assessment of the reaction to
biotic (particularly mites) and abiotic (water stress) constraints,
which are prevalent in the sub-humid conditions. The proportion
of stem with leaves still attached is an easy and reliable approach
to assess the tolerance to these stresses (Lenis et al., 2006).
In SRT many genotypes will be unfit for the sub-humid
environment and both their plant architecture and reaction to
the main biotic and abiotic stresses will show large variation.
Undesirable plant types are gradually eliminated and in later
stages of selection the association between PTS and FRY becomes
negligible (Table 4) as all selected materials show acceptable PTS
(e.g., the genetic variability for PTS has shrunk). This trend can
be the result of a drastic reduction of genotypes with undesirable
PTS which is very effective given the good heritability for this
trait.
Concluding Remarks
This article describes the reliability of phenotypic information
along the selection process. Large experimental errors, genotype
by environment interaction, the influence of quality of planting
material (and other epigenetic effects) and the changing nature
of the association between key traits, such as FRY and DMC
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are some of the problems faced by cassava breeders, particularly
when selecting in the large SRT. The use of breeding value
of progenitors based on average SIN (proposed by (Ceballos
et al., 2004)), seems to offer limited benefits (Ceballos et al.,
2016). Results presented here provide feasible explanations for
the conclusions reached in that “sister” article.
The use of HIN as indirect approach for improving FRY
was disappointing. Based on this finding and the large expenses
related to weighing aboveground biomass, the cassava breeding
program at CIAT decided to no longer measure and use HIN in
the selection process and rather rely on the easier to take PTS.
However, a new term will be incorporated in the SIN equation.
This new termwill assess uniformity and vigor of sprouting stems
3–4 weeks after planting. This is a response to the challenge
of climate change that require enhanced capacity of planting
material to sprout, even after a longer-than-expected storage
period (Ceballos et al., 2011).
Data presented in this study provides indirect evidence of the
influence of the nutritional, physiological and health status of the
planting material on the performance of the populations. It is this
factor, along other potential epigenetic ones, that may explain
the weak correlations between data in early vs. late stages of
selection. Perhaps the magnitude of this problemmay be reduced
if seedling plants are grown in the target environment.
Selection based on SIN is proving effective improving
simultaneously key traits, such as FRY, DMC, and PTS. The
relationship among these variables, however, changes drastically
through the selection process precisely because of selection.
Phenotypic association between these variables, therefore, cannot
be stated without defining first at what stage of the selection
process their relationship is considered.
Unreliable phenotypic data in SRT is a major problem that
may need to be addressed. Perhaps splitting the one-row plot
(with 6–8 plants) into two reps (with 3–4 plants) may be
an option. However, this would create considerable logistic
problems and duplicate the volume of data generated. The
omission of HIN in future harvests will simplify operations
considerably, so the alternative of planting SRT in two
replications may merit some consideration (if this is done, the
name of this type of trial will have to be obviously changed).
Improving the reliability of information in early stages of
selection would be particularly relevant for genomic selection.
The main advantage of this promising technology is to accelerate
genetic gains by shortening each cycle of selection (2–3 years
per cycle rather than 6–8 years in standard phenotypic recurrent
selection). Higher quality and reliability of data from SRT would
be highly beneficial for conventional and genomic selection in
cassava.
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